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Physical propertiesThe global market for wood-based panels annually increases despite of decreasing availability of wood
resources, especially in forest-lacking regions, leading to the specific urge to search for alternatives.
The objective of this study is therefore the investigation of the potential of applying underutilized
agro-residues for the fabrication of single layer particleboards. Selection of tomato stalks as an alternative
ligno-cellulosic material from agricultural residues is based on the highest volume and seasonal availabil-
ity throughout the year. Preliminary analysis of chemical composition and physical properties were con-
ducted to test their suitability for substituting wood fiber in this particular application. Particleboards
were prepared by mixing chopped tomato stalks at varying resin concentrations and further compression
molding under different pressures. Boards were then examined for their mechanical and physical perfor-
mance. Comparisons with the European standards for particleboards are presented, showing the poten-
tial for using tomato stalks as a natural fiber resource for particleboards.
 2016 Ain Shams University. Production and hosting by Elsevier B.V. This is an open access article under
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Worldwide market growth for wood-based panels in the past
decade has created an unprecedented demand for forest products.
Studies conducted by the Food and Agriculture Organization (FAO)
in 2005 [1], expect that the production of wood-based panels will
further increase by 2.7% annually between 2000 and 2020. Mean-
while, a resulting aggressive deforestation and forest degradation
contributes to the increase in the global carbon dioxide content.
This environmental aspect is the main motive to search for alterna-
tive fibers for the manufacturing of composite panels [2]. Thus,
particularly for particleboards forming 57% of the world’s wood-
based panels, it becomes necessary to seek alternative fibers from
agricultural residues [3]. Research has been carried out on a wide
variety of non-wood plant fibers and agricultural residues from
numerous different regions around the world, such as wheat-
cereal straws [4], rice husk [5], grass clippings [6], bagasse [7], sun-
flower stalks [8], kenaf [9], oil palm [10] and cotton carpel [11], to
mention a few examples. Whereas many fulfill the basic require-
ments for general-use particleboards, it must be noted though, that
not all plant residues are suitable for particleboard production,
based on inherent mechanical properties and hydrophobicity of
the fibers [12,13].Taking Egypt as an example for a developing country that is suf-
fering from lack of wood resources and forests, where the local
demand for particleboard is annually increasing, the search for
local alternatives from agro residues is of extreme importance. In
addition, such application brings along an added value since it is
of common practice that local farmers burn such agro-residues,
which has its negative environmental impact and is the cause of
the so-called black cloud phenomenon, appearing after harvest
time. Generally, Egypt produces about 72 Million ton of agro resi-
dues [14], of which few types are already being used in the parti-
cleboard industry, such as bagasse, flax shives and recently also
cotton stalks. However, there are problems encountered with these
agro-residues, mainly based on the seasonality of bagasse and cot-
ton stalks, which currently halts production for 6 months/year, in
addition to general availability limitations of flax shives. For this
reason, continued search for other agro-residue alternatives for
the manufacturing of particleboards is acute.
Table 1 [14,15] shows that in Egypt some agro residues from
crops like tomato, potato, sunflower, sesame, peanut and lupine
are underutilized. It can be noted that the seasonal availability
for tomato and potato is highest amongst all. However, the annual
quantity of tomato agro residues is three times that of potato agro
residues. Based on these observations, tomato stalks are consid-
ered for investigation in this study as an alternative underutilized
raw material for the manufacturing of particleboards. For this pur-
pose, tomato stalks were analysed for their chemical physical and
mechanical behavior. Showing their potential based on their
intrinsic properties tomato stalks were then chopped and mixed/dx.doi.
Table 1
Overview of main agro-residues in Egypt: availability, seasonality and application [14,15].
Group Field crop Total area
(1000 Acres)
Agro residue
quantity
(Ton/Hectare)
Agro residues
quantity
(1000 Ton)
Seasonality Utilization fields
Cereal Sorghum 367 4.23 629 Summer crop Fodder
Maize 1956 4.52 3579 Summer crop Fodder
Wheat 2920 6.1 7211 Winter crop Fodder
Barely 181 3.93 288 Winter crop Fodder
Rice 1774 4.19 3009 Summer crop Ethanol, Mushroom bed, & Fertilizers
Legumes Lupine 3.098 2.36 3 Winter crop None
Broad bean 190 3.33 256 Winter crop Fodder
Lentil 1.46 2.43 1 Winter crop Fodder
Fenugreek 7.931 3 10 Winter crop Fodder
Chick peas 8.82 3 11 Winter crop Fodder
Fibers Cotton 312.708 3.83 485 Summer crop Engineered wood, Pulp, Natural fiber
plastic composite
Flax 20.102 5.86 48 Winter crop Particleboard
Oily Soya bean 20.669 2.67 22 Summer crop Cattle beds
Sunflower 19.225 2.69 21 Summer crop None
Sesame 66.354 2.55 69 Summer crop None
Peanut 146.173 2.43 144 Summer crop None
Sugar Sugar cane 323.59 27.12 3553 Summer crop Pulp, Natural fiber plastic composites &
Particleboard
Sugar beet 257.667 7.42 774 Winter crop Fodder
Vegetable Tomato 502.867 7.62 1551 Available around
the year
None
Potato 271.027 5 549 Available around
the year
None
2 I. Taha et al. / Ain Shams Engineering Journal xxx (2016) xxx–xxxwith various binder contents and finally pressed into particle-
boards. The mechanical and physical behavior of the boards was
examined and compared with values prescribed by international
standards.
2. Materials and methods
2.1. Materials
Tomato stalks (TS) of the ‘‘species 4-4-8” were collected in
October 2010 in the Egyptian Eastern governorate. This species
has been selected from among the cultivated species in Egypt,
being the most prevalent. The stalks were left to air dry in field
for 16 weeks.
Urea formaldehyde was used in powder form as the binding
resin for particleboard manufacturing. Powder ammonium chlo-
ride NH4Cl was used as the hardener. These components were pro-
vided by ‘‘Sprea Misr for Chemicals Company”, a local supplier.
Technical data of the applied urea formaldehyde system are pre-
sented in Table 2, as per the accompanying datasheet.
2.2. Sample preparation
Tomato stalks were first fed into a hammer mill, to achieve fiber
sizes 6 3 mm that were roughly controlled by the gap between the
hammer and the chamber, and further confined to sizes between
1 and 3 mm through a subsequent sieving process. Resulting parti-Table 2
Technical data of the applied urea formaldehyde system.
pH (1:1) at 20 C 8–9
Humidity [%] 1.5 max
Free formaldehyde [%] 1–2
Gel time (1:1) at 100 C Using 3% NH4CL (20%) [sec] 80
Viscosity (2:1) at 20 C [cps] 4000 max
Solid content 65%
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based on oven dry weight of fibers), respectively, where the hard-
ener was further applied by an amount of 1 wt% (percentage based
on weight of resin). For this purpose, a blender with separate inlets
for each fiber and resin mix was used at a rotational speed of
150 rpm to reach a homogeneous mix. The pre-forming of Tomato
Stalk Particleboard (TSP) specimens was conducted manually by
distributing a specified amount of the fiber-resin mix into a
wooden mold with internal dimensions of 250  250 mm and fur-
ther compacting it using a wooden hammer, as illustrated in Fig. 1
(a). The pre-form was then transferred onto a steel plate and sur-
rounded by a 250  250 mm steel frame. The plate is then placed
between the platens of a hydraulic thermal press of 30 ton capac-
ity, the surrounding frame was removed and the particleboards
were then finally pressed to a final thickness of 16 mm. Prelimi-
nary experiments were conducted to define the necessary amount
of fibers for each condition as well as the processing window in
order to avoid lofting problems as indicated in Fig. 1(b). A total
production cycle of 5.5 min including alternating pressure and
ventilation stages, as presented in Fig. 1(c), was used.
Specimens were pressed at varying pressure values of 25, 29,
and 35 kg/cm2 at a constant temperature of 160 C. Pressed TSP
were left to cool to room temperature for 48 h up to final curing
prior to further cutting and testing. Cooling was done under a
weighted steel plate to avoid warpage. Table 3 gives an overview
on nomenclature and conditions of the prepared specimens. Four
plates were prepared for each condition, and samples were taken
from each plate according to the sampling plan illustrated in Fig. 2.2.3. Testing methods
2.3.1. Chemical composition and moisture content of tomato stalks
Chemical composition of air-dried 1 mm chopped tomato stalks
was determined according to the method described by Goering and
Van Soest [16] by testing three replicates on an ANKOM2000 Fiber
Analyzer.k as raw material for particleboards. Ain Shams Eng J (2016), http://dx.doi.
Fig. 1. Fabrication of particleboards showing the (a) Pre-forming stage of the tomato-stalk-resin mix, (b) lofting phenomenon, (c) compression molding cycle.
Table 3
Nomenclature and particleboard manufacturing conditions.
Nomenclature Pressure [kg/cm2] Resin content [%]
P20 U12 20 12
P20 U14 20 14
P20 U16 20 16
P29 U12 29 12
P29 U14 29 14
P29 U16 29 16
P35 U12 35 12
P35 U14 35 14
P35 U16 35 16
Fig. 2. Sampling plan.
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dissolve easily digestible matters such as proteins and lipids [17],
resulting in the so-called Neutral Detergent Fibre (NDF). Following,
an acid detergent solution is introduced to the fibers, resulting in
the digestion of hemicellulose [18] and the value for the AcidPlease cite this article in press as: Taha I et al. Potential of utilizing tomato stal
org/10.1016/j.asej.2016.10.003Detergent Fibre (ADF). The hemicellulose content was then esti-
mated as the difference in ADF and NDF values. The residue of
the acid detergent solution is then further treated with 72%
H2SO4 to remove cellulose [18]. The residual substance is then
finally brought to ignition for 2 h at 500 C to burn out lignin, leav-
ing behind indigestible minerals. The investigated matter is
weighed before and after each step was measured and used to cal-
culate the amount of each cell wall constituent of the tomato stalk.
Moisture content (Mc) of air-dried tomato stalks was deter-
mined by drying chopped stalk in a dryer at 80 C for 24 h, and cal-
culating the weight difference between moist (mw) and dried (md)
matter as per Eq. (1), in accordance to the method described by
Osborne and Voogt [19].
Mc% ¼ mw mdmd  100 ð1Þ2.3.2. Tensile testing of tomato stalks
Air-dried tomato stalks were tested for tensile properties. Ten-
sile samples were cut at different positions along the stalk length
using a sharp knife. Tensile testing was then conducted on a Lloyd
LRXplus universal testing machine equipped with a 2.5 kN load
cell, at a crosshead speed of 1 mm/min up to failure. Tensile
strength and modulus of elasticity were determined as the average
of five valid readings.
2.3.3. Physical properties of particle board
Weight (m) of 50  50 mm cut particleboard specimens was
determined using a sensitive balance. Density was then deter-
mined according to EN 323-2010, Eq. (2), where b, l and t are
width, length and thickness of the specimen, respectively.
q ¼ m
b l t ð2Þ2.3.4. Dimensional stability
TSP were examined for thickness swelling after 2 and 24 h of
immersion in water according to EN 317. The amount of thickness
swelling is given as the percent thickness increase with respect to
original thickness and is calculated according to Eq. (3), where TS
(t) is the thickness swelling at time t, To is the initial thickness ofk as raw material for particleboards. Ain Shams Eng J (2016), http://dx.doi.
4 I. Taha et al. / Ain Shams Engineering Journal xxx (2016) xxx–xxxspecimen and Tt is the thickness at time t. 16 replicates were tested
for an average TS(t).
TSðtÞ ¼ Tt  To
To
 100 ð3Þ2.3.5. Internal bond test
The internal bond strength (IBS) was determined according to
EN 319-2010, indicating the tensile strength in a direction perpen-
dicular to the plane of the board. 16 replicates of 50  50 mm spec-
imens were tested using a Lloyd LRX50K universal testing machine
at a cross head speed of 1 mm/min using a 2.5 kN load cell.
2.3.6. Bending test
Bending specimens were cut to dimensions of 50  200 mm
according to the European standards for particleboard EN 312-
2010. The bending properties in terms of modulus of rupture
(MOR) and modulus of elasticity (MOE) were determined accord-
ing to EN 310 using a Lloyd LRXPlus universal testing machine at
a span length of 150 mm. 8 replicates of the test were considered.
3. Results and discussion
3.1. Characterization of tomato stalks
Table 4 summarizes the results of chemical analysis for the
tomato stalks under investigation in comparison with other natu-
ral fibers commonly applied for particleboard production. It can
be observed that tomato stalks have fair cellulose content of
43.1% compared to other resources, especially Casuarina, which
is commonly used for the production of particleboards. Cellulose,
primarily affects the mechanical behavior of the fiber. The slightly
reduced cellulose content is thus expected to result in reduced par-
ticleboards strength. The low lignin percentage of tomato stalks
lying around 12.3% is observed to facilitate the chopping process
of stalks.
The moisture content was found to lie at around 8.2%, which is a
very low value compared to that of casuarina particles, commonly
delivered to particleboard manufacturers in Egypt with 80% mois-
ture content. The comparatively low moisture content of TS is
advantageous in terms of reducing necessary heating process
required for drying particles prior to particleboard fabrication.
The tensile strength and tensile modulus of tomato stalks aver-
age 31 and 1471 MPa, respectively. The relatively low mechanical
performance in contrast to a tensile strength of 120 MPa for
casuarina is expected based on the chemical composition dis-
cussed above.
3.2. Characterization of tomato stalk particleboards
Fig. 3 illustrates the effect of processing conditions and compo-
sition on the density of particleboards under investigation. As
expected, the increase in any or both of pressure and resin content
increases density, whereas the impact of pressure is evidentlyTable 4
Chemical composition of tomato stalks and other natural fibers used for particleboard pro
Raw material (agro-residue) Fiber fraction
Cellulose [%] Lignin [%]
Tomato stalks 43.11 12.29
Flax shives [20] 47.7 26.3
Bagasse [21] 55.2 25.3
Sorghum [22] 45.2 12.4
Casuarina [23] 46.4 26.3
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constituents get more compacted through increased pressure.
Higher levels of resin contents (having higher density of 0.59 g/
cm3) additionally fill in the gaps between the individual particles.
Maximum applied pressure of 35 kg/cm2 leads to a particleboard
density of 0.95 g/cm3. It is to be noted that this density lies within
range of common particleboards.
According to EN standards 312-4: 1996 maximum allowed
thickness swelling for particleboards immersed for each 2 and
24 h are 8 and 15%, respectively for non-load-bearing boards to
be used under humid conditions. Fig. 4 illustrates that most TSP
under investigation do not satisfy the above mentioned require-
ments, except for boards pressed at 20 kg/cm2 and bonded with
16% urea formaldehyde. Under these conditions, thickness swelling
was found to lie at 7 and 9% when immersed for 2 and 24 h, respec-
tively. Similarly, the composition 35P U14 was observed to
undergo acceptable dimensional changes (8.4% thickness swelling
after 2 h and 10.4% after 24 h).
Although it might be anticipated that an increase in processing
pressure reduces the amount of thickness swelling, Fig. 4 shows
that the swelling behavior at the intermediate value of 29 kg/cm2
leads to unexpected high thickness swelling. Further, it can be
noted that the increase in the amount of urea formaldehyde from
12 to 14% positively affects the thickness swelling. This can be
related to the relatively lower amount of hydrophobic fiber.
Generally, the poor thickness swelling behavior can be related
to the strong polar character of the plant fibers [24]. Therefore,
Zheng et al. [25] suggest an improvement of moisture resistance
by introducing a hydrophobic sealing during particleboard fabrica-
tion, such as the application of paraffin wax or melamine impreg-
nated paper to the particleboard surface. A further common
practice is the performance of chemical surface treatments such
as the acetylation of fibers prior to their incorporation into the
resin mix targeting improved bonding between hydrophobic
matrix and hydrophilic fibers, which reduces the affinity to mois-
ture absorption [26].
This explains, the superior thickness swelling behavior for both
flax and bagasse based particleboards (summarised in Table 5),
which are reported for commercial products, where paraffin wax
is principally used to provide the requested dimensional stability.
Fig. 5 illustrates the effect of resin content and pressure on the
internal bond strength of the prepared TSP. It becomes evident that
internal bond strength increases with increasing resin content,
which can be attributed to improved bonding based on enhanced
wetting between particles. Improved internal bond strength upon
increased pressure is related to better compaction of the particle-
board mix, which also becomes evident in terms of increased board
density.
Measured internal bond strength meets the minimum require-
ments of 0.24 and 0.35 N/mm2 for particleboard panels for both
general use and furniture manufacturing in accordance to the
European standard EN 312:2010. The sole exception is observed
for the TSP prepared at a low pressure of 20 kg/cm2 and low resin
content (12%).duction.
Hemicellulose [%] Crude fiber [%] Density [g/cm3]
7.91 41.51 ± 0.8 0.58
– – –
17
13.5 47.7 0.62
– – –
k as raw material for particleboards. Ain Shams Eng J (2016), http://dx.doi.
Fig. 3. Effect of resin content and pressure on density of tomato stalk particleboards.
Fig. 4. Thickness swelling of tomato stalk particleboards upon immersion in water for (a) 2 and (b) 24 h.
Table 5
Performance of particleboards manufactured from various agricultural residues in Egypt.
Raw material Cellulose (%) MOR (MPa) MOE (MPa) IBS (MPa) TS Density (kg/m3)
2 h % 24 h %
Tomato stalks (16% PU; 35 kg/cm2) 43.11 20.5 1123.9 0.91 10.6 18.1 950
Bagasse [27] 55.2 27.88 3560 2.7 n/a 8.7 930
Flax shives [28] 47.7 11.9 2250 0.24 n/a 35 650
EU 312:2010 (General Use type P1) n/d 10 n/d 0.24 n/d n/d n/d
EU 312:2010 (Furniture Use type P2) n/d 11 1600 0.35 n/d n/d n/d
EU 312:2010 (Non-load bearing Under humid conditions P3) n/d 14 950 0.45 8 14 n/d
n/d (not defined); n/a (not available).
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particleboards is investigated in terms of their flexural behavior,
presented in Fig. 6. Fig. 6(a) depicts the effect of resin content
and pressure on the modulus of rupture (MOR). It becomes evident
that increasing pressure readily increases the MOR. This can be
attributed to the increased compaction levels (density) at
increased pressure levels, as also observed by Geimer [29].
Improved mechanical behavior is, however, also directly affected
by proper wetting of the fiber by the matrix material leading to
improved bonding. Hence, the MOR is also observed to increase
with increasing resin content. The lower limits for the MOR, as
given by the European standard EN 312:2010 for particleboardPlease cite this article in press as: Taha I et al. Potential of utilizing tomato stal
org/10.1016/j.asej.2016.10.003utilization for general use (10 MPa) and furniture applications
(11 MPa) are reached at pressures exceeding 29 kg/cm2.
The modulus of elasticity (MOE) upon bending of particleboards
under investigation is given in Fig. 6(b). A comparison with the
lower limits prescribed by the guidelines of the European standard
EN 312:2010 shows that none of the prepared particleboards
under investigation was able to meet the minimum value of
1600 N/mm2 for furniture manufacturing applications. Such obser-
vation was also made by Niazi et al. [30], who related the generally
reduced mechanical properties of wood-based particleboards to
increased gelation time and incomplete curing of urea formalde-
hyde. Niazi et al. suggest an optimum pH-value around 4.0 fork as raw material for particleboards. Ain Shams Eng J (2016), http://dx.doi.
Fig. 5. Effect of resin content and pressure on internal bond strength of tomato stalk particleboards.
Fig. 6. Effect of resin content and pressure of tomato stalk particleboards on (a) modulus of rupture, and (b) modulus of elasticity.
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increased pH-value of tomato stalks (lying at 6.4) is assumed
to negatively affects the curing behavior of the relatively acidic
resin. This is further supported by Cemil et al. who reported
reduced particleboard quality at particle pH values below 4 and
above 5 [31].
Further, reduced MOE and MOR of the particleboards under
investigation may also be related to the reduced mechanical prop-
erties of the tomato stalk fibers, compared to other fiber types
(Table 5). It can be observed that particleboards on the basis of
bagasse and flax shives have superior mechanical properties com-
pared to those based on tomato stalks. This can be attributed to the
high cellulose percentage in both bagasse and flax shives (Table 4),
since cellulose is the main component providing strength, stiffness,
and structural stability [32].
Table 5 summarises the above described results in contrast to
the behavior of particleboards produced from other agricultural
residues. Further, the requirements of the European standards for
general use (type P1), furniture use (type P2) and for non-load
bearing under humid conditions (type P3) are presented. It can
be noted that the MOR and IBS of tomato stalk based particle-
boards satisfy all three types. The relatively low MOE, however,
is unable to fulfill the demands for furniture use. The moisture
absorption leading to thickness swelling is too high to allow the
use of tomato stalk particleboards under humid conditions.
Accordingly, the particleboards under examination in this study
only fulfill the requirements of the European standard 312:2010
for general use (type P1).Please cite this article in press as: Taha I et al. Potential of utilizing tomato stal
org/10.1016/j.asej.2016.10.0034. General discussion
Fig. 7 shows the position of the tomato stalk particleboard P35
U14 in comparison with particleboards fabricated from other com-
mon agricultural residues that are commercially available in Egypt.
In addition, the properties of common casuarina based particle-
boards are presented. Comparison shows that bagasse, flax shives
and casuarina have superior flexural modulus of elasticity. Other
properties, such as the modulus of rupture, internal bond strength,
density and dimensional stability of the tomato stalk based particle
boards lie within the range of commercial bagasse-based particle-
boards. It is to be noted that the comparison is not based on the
same processing conditions. However, Fig. 7 shows the properties
of commercially available particleboards (fabricated according to
manufacturers’ know how) and the position of the tomato stalk
based particleboards amongst them. The fact that the properties
lie within the scope of other commercially available boards,
indicates the potential of using tomato stalks, as an underutilized
residue, as raw material particleboard production. Further
investigations are however necessary to optimize the preparation
and processing conditions.5. Conclusions
The present study proves the potential of applying tomato
stalks as a base material for particleboards. The variation of resin
content (urea formaldehyde) and molding pressure was found tok as raw material for particleboards. Ain Shams Eng J (2016), http://dx.doi.
Fig. 7. Overview of main characteristics of tomato stalk particle boards in comparison with other particleboard products.
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the boards. The increase of pressure enhances compaction and thus
increases board density, leading to improved mechanical proper-
ties. Similarly, increasing matrix amount positively contributes to
the bonding of particles through enhanced wetting, leading to
improved performance. However, although sound particleboards
could be produced in all studied cases, it can be concluded that a
minimum pressure of 29 kg/cm2 is necessary to meet the mini-
mum requirement specified by the European standard EN
312:2010 for particleboards for general use under dry conditions.
Dimensional stability under humid environment was only satis-
fied (8 and 15% after 2 and 24 h of water immersion, respectively)
for boards manufactured with 14% urea formaldehyde at 35 kg/cm2
molding pressure, as well as for 12% urea formaldehyde boards
pressed at 20 kg/cm2. These panels, however could not meet the
minimum requirements regarding the modulus of elasticity, which
is the reason why this study is unable to provide a solution for gen-
eral particleboard use under humid conditions as prescribed by the
European standards.
Hence, development of tomato stalk based particleboards for
broader applications, such as for the furniture industry for exam-
ple, requires future investigations to improve the mechanical
behavior of the panels. Next to resin selection, coupling agents or
surface treatments for enhanced moisture resistance must be
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